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Figure 2 dafines some important paramet ion
process. At Wes stinghouse, the tubesheet iS ick
and is made o° a low alloy steel such as SA=503 Cﬂiss 3. The
tubing material is either Alloy 600 or Allov 690 and is generally
11/18, 3/4 or 7/8-inch CD with a wall LLi lkness in the rangs 0.040

SMIRT 11 Transactions Vol. F (August 1991) Tokyo, Japan, © 1991

DT
— 345



— s:;.

o [%

T ﬁ’

&

" (D
§
o
e i3

123
¥
=

range

medul

o
The

o laneg-
models wers

congtral

he tube/tul

d propert
y sida cres

&8,

ilug) to

QT

S TOD

Py
[H

s
-
ey
i

]

m

i

i

2
=D Q

il

ﬂ
o0
-

s
[&]
=

the

Sk




Tubesheet Vielding and Residua]l Sitresses. The WECAN Jquarter -
symmetry model with plane-strain conditions was used to calculate
the von Mises eguivalent stresses in the tube and tubesheet ligament
for expansion pressures of 30,35,40 and 45 ksi. Flgure 5 shows
the stresses at pressure and after unlecading from 40 ksi. TLocalized
plastic yielding of the tubesheet begins at the hole surface along
the diagonal direction (Fig. 5 a) at an expansion pressure between
35 and 40 ksi. Even at 45 ksi pressure the plastic zone is guite
small.  The residual von Mises stresses remaining after removal
of the pressure are shown in Figure 5 b. The residual stresses
in the tube are essentially compressive hoop stresses which vary
across The wall as shown in Pigure 6.

Contact Pressure., The residual contact prassure batween the tube
and tubesheet calculated using the WECAN gquarter-symnetry model
varies with the angle theta around the circumference. The highest
pressure occurs in the pitch direction (theta=0%) and the lowest
occurs  in  the diagonal direction {(thata=45%). Results for
planae-stress conditions are shown in Figure 7. The average contact
pressure around the clrcumference is used for comparison of results
from different models. In using the Incremental Analysis Method,
which Is modeled by concentric cylinders, it is necessary to
determine the 0D of the “ubeshest simulant cylinder which best
models the stiffness of the actual tubesheet. For this purpose,
thies concentric cylinder simulations were analvzed as shown in
Figure &, where the outer diamerer corresponds to either the
minimum ligament (TSOD/TOD = 1.83), the maximum Iligament
(ISOD/TOD=3.0}, or the average of the +two {TEOD/TOD=2.42) .
Comparison of these results with thosze from the WECAN wodels shows
that TSOD/TOD=2.42 adeguately simulates the tubesheet. The contact
pressures@ﬂeterminedlﬁfall‘threenmdels==WE€AN(quarter==symmetry,
WECAN 5° zlice, and Incremental Anzlvsis = are summarized in Table
2. There 1s good agreement between the results for all three
plane-stress models. at the higher expansion pressures, the
contact pressure for a plane-strain model of the tubesheet is
about 10% lower than for a plane-stress model.,

Sensitivity Analvysis. Since the Incremental Analvsis method
provides a good measure of the average contact pressure for
TEOD/TOD=2.42, 1t 1is a very cost effective means For assessing
the effect of varlations in wvaricus parameters on the contact
pressure. Starting with the reference parameters in Table 1 for
which the contact pressurz is given in Table 2, Pigure 9 shows
the sffect of changes in some of the more important parameters.
The range shown for psr cent change of a given variable is the
range of uncertainty in the value of fthat variable (tube and
tubesheet modulus, strain hardening fraction), or the range of
practical control of the variable (expansion pressure, radial gap,
tube yvield stress). For given tube and tubasheet materials, the
expansion pressure, radial gap and tube yizld stress are the
important variables subject teo control which affect the residual
contact prassure.

Temperature Effects. The tube/tubesheet joint (formed at room
temperature) may be exposed to elevated tenperatures during steam
generator manafacturing, e.g. during post weld heat treatment
{PWHT) of the tubesheet to channelhead weld =eam. It ig, of
course, exposed to the temperatures and pressures appropriate to
the steam generator service conditions. The WECAN 52 slice and
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Incremental Analysis concentric cyvlinder models were usad to assess
the effect of thefmﬂ“ cycles up to 1100°F on the contact pressure.
Using published data (ASME Code, Section ITT, Division 1 Appendices)
for the coefficlents of expansion and elastic meduli, the parameters
of Table 1, and m=chcc1ag cresp, therz is no loss of contact
pressure (neo pTasan vielding of the tube) due to the thermal
cycle for either Alloy 600 or Alloy 690. In an effort to assess
the possible lmportance of creep, manual calculations were mads
using a creep constitutive eguation for the tube material of the
forms

C pl . . .
C A | — _ s 2 o T .
€ = M_: - Cr‘rzl’fs C - ,/«\Emﬂmr:)9 p - i(CDCm)
1+ pt

where € iz total cresp strain (%), €, is minimum creep rate (%/h),
ty is time=to-yupture (h), and © is time (h). Using published
cresep data for Alloy 690 [6], the parameters in Table 1, and
neglecting cresp of the tubeshset (because the tubesheet liganent
membrane stress 1s an order of magnitude less than the tube membirane
stregs), the predicted results arve chown in Figure 10. In {a},

I

the contact pressure at room e p;rauu;e (or cold shutdown
gonditiong) is shown after isothermal ¥posursa to tde indlcat d
LemperatLL = and times. Cresp effects on residual co
zre insignificant belew about 20069F., Part (b) of the ;LOLL@ chaws
the contact pressure after thermal exposure for the =zame condition
and subsegusnt leading to normal operating conditions of &00°F
and 1250 pei differential pressure.

TRANSITION ZONE

The residual stresses 1

were evaluated with the ABAOUQ (7] computaer program
axigymmetric finite element model shown in Figure 11. Ti
elements with a coefficient of friction of 0.2 were Ub@ﬂ
the tube and tubeshest. The wmodal p redicts transition zone g
and contact pressures as shown in Flgure 12, The tfaﬂSlLan Zone
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profile is representative of production practices. The contact
presgures well within the tubsesheet (zero for 30 ksi ezoandian
pressure and 1460 psl for 40 ksl expansion pressurs) are consistent
with the previous resulits for the central region of the uubesheau

The narrow peaks of high contact pressure just Inside the tubeshest
lzad to similar pesks in residual stresses.

The residual stresses were evaluated on both the ID and OD
surfaces for expansion pressures of 30 amd 40 ksi, tube vield
strengths of 40, 50 and &0 ksi and radial gaps of 0.004, 0.008
and 0.012 inch. Figures 13a and 13k show Lhe ID axial and hoop
stresses, VEspectivelv The peak residual tensils stresses are
of pa rbmcLTa? interest. They occur near the expanded/u

edge of the transition zone. The axiszl stress is hiqher than cLe
hoop stress {(by about 30 to 40%). The residual stress increaszes
with increase in tube initial vield stress (residual axial stress
iz approximately 75-85% of tube yield stress)}, and, though not
shown, the peak tensile stresses are hardly affected by the radial

clearance or expansion pressure.
The OD axial and hoop residual stresses are shown in Figures
12c and 13d, respectively. The residual tensile stresses on the
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During hydrauvlic expansion, the tube wall thins by about 0.00086
inch and the tube length shrinks by sbout 0.9% of the expanded
tube length.
The calculated residual ; gecondary side
ns*timﬂ ZOﬂe of ths tube agres v 1 i ive rpaulvw from
s how the location
and,arlentahlan of the highsest feSld al tansile stresses. Thus,
koth calculations and experiments show that: (i) the peak stress
on the OD is an axial stress located near the last point of contact
between tube and tubesheet, (ii) the peak stresses on tha ID ocour
near the unexpanded edge of the transition zone where both the
axial and hoop stressez are significant, with the axial stress
being higher than the hoop stress for hydranlically exvanded tubes,

and (’ii) the stresses are higher on the ID than on the oL, O0OF
the variakles which affect the residual stresses, and cambwac»lpg
the likely range of =ach variable to be an DLWL@¢9C in practice,
the yield strength of the tubing is wmost »mm@rt ant. Peak residuzl

tensile stresses are proportional to the tube yield strass.
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Tzble 1. Refersmee Modeling Parameters®

Tube Size: CD 0.687 in., Wall tk 0.04C in.
Yigld Str.: Tube 30 kgi, Tubeshee: 60 ksi
Young’s Modulug (10% psi):

Tube 30.3, Tubesheet 29.2

Strain Hardening Fraction: 0.015

Tube and Tubesheet

Coef. Thermal Exp. (10°¢ in/in/9F):
Tube 7.73, Tubesheet 6.41

Tubesheet Hole Square Pitch 0.98 in.
Expansion Pressurs 40 Lsi

TSOD/TOD 2.42

von Mises Vield Criiericn
Prandtl-Rengs Flow Rulg

Isotropic Hardening

* Room Temperaiure Values
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Expansion Pressure, ksi

Apalviical Method e 35

Plang Siress

o WECAN 1/4 Sym a

o WECAN 5% Slice 0

¢ Incremental Anzlysis
TSOD/TOD = 3.0

d

W&

=
o3 B

Flang Sirain

o WECANM 1/4 Sym 0

O3 o
<

4 43

292 1505 2754

1493

70

287 1492 2729

2800

128 1320 2531

o WECAW 59 Slice 1365
SN ’m
| " ~ ~ _ {
{
R
J
g ey
gl o1 1 §

0-Ring

Urethane Ring

0-Ring

Mz¢al Ring

Urethane Ring

Fig. 1. Schemaitic of Tube Expansion Process

D CREVICE DEPTH

P CONTACT PRES3URE
Z DEPTH OF EXPANSION
EP EXPANSION PRESSURE

— 54G —

P5
RG
58
TZ

PRIMARY 3IDE
RADIAL GAP
SECONDARY SIDE
TRANSITION ZONE



: 4

EU'U“1$ (;j:i§M <E%:)

; &J
AN

53
s

arter Symmelry Model

H

0.60

0.50

0o
0.00 G.10 ©0.20 0.30 0.40 0.50 0.560 0.70 0.80

Concentric Cylinder WECAN Mode! (52 SI?

Tt
/
f
|

;
/
i
I5 1

|
R

i

2%
W
i

=@
Eb=iki}

Flg. 8. von Mise:



16000

TITJBE HODF' STRESS (FPSI)

RESIDURL

)

[B)

o

o

2]

o
T

-40030 L L L '
0.0 0.2 0.4 0.6 G.8 1.0

10 NORMAL IZED DISTANCE THROUGH wALL [u]u}

Fig. €. Thru - Wall Residual Hoop Siresses

[N

o

@ .

g'eoo’ e 40 KSI  Avg = 1505
o

400F 35 KSI Pvg = 292

0 . . ) :
0 10 0 30 40 50
THETRA (Degrees)

Fig. 7. Vasdation of Contact Pressure Around the Tube

-
AN
AL

TSOJ

TOD

Fig. 8 Concentric Cylinder Simulation, TSOD/TOD Ratios

?



Z CHANGE IN RESIDUAL CONTACT PRESSURE

fiect of Thermal Cyclss, Including Creep, on Contact Pressure
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